To examine the effects of a whole-body cryotherapy (WBC) protocol (3 min at -1 10°C) on acute recovery and key variables of endurance performance during high-intensity intermittent exercise in a thermoneutral environment. Methods: Eleven endurance athletes were tested twice in a randomized crossover design in which 5 x 5 min of high-intensity running (HIR) were followed by I h of passive rest at ~22°C, including either 3 min of whole-hody exposure to -1 10°C (WBC) or a placebo intervention of 3 min walking (PBO). A ramp-test protocol was performed before HIR (Rl) and after the 1-h recovery period (R2). Time to exhaustion (rHm) was measured along with alterations in oxygen content of the vastus lateralis (TSI), oxygen consumption (VO2), capillary blood lactate, heart rate (HR), and rating ol perceived exertion (RPE) during submaximal and maximal running. Results: The difference in rlim between Rl and R2 was lower in WBC than in PBO (P < .05, effect size d = 1.13). During R2, TSI was higher in WBC during submaximal and maximal running (P<.0\,d= 0.68-1.01). In addition. V 02, HR, and RPE were lower at submaximal level of R2 after WBC than in PBO (P = .04 to <.01, d-0.23-0.83). Conclusion: WBC improves acute recovery during high-intensily intermittent exercise in thermoneutral conditions. The improvements might be induced by enhanced oxygenation ot ihc working muscles, as well as a reduction in cardiovascular strain and increased work economy at submaximal intensities.
that partial-body cryotherapy (3 min at -1 10°C excluding the head) enhances the acute recovery of eccentric strength in high-intensity intermittent exercise. 9 To the best of our knowledge WBC has not been applied in connection with acute recovery and intermittent endurance exercise so far. However. CWI. which induces thermo regulatory effects similar to those of WBC,10 showed improvements in 2-mile running performance" and 4-km12 time-trial cycling, as well as 35-minute all-out cycling performance. 13 Furthermore, improvements in submaximal performance were indicated by cover ing a greater distance during submaximal running."
In addition to the mentioned reduction of muscle damage4 and the decrease in postexercise inflammation,15 further physiologi cal responses induced by cryotherapy affecting acute recovery of endurance performance have recently been discussed: ( I ) Peripheral vasoconstriction leads to improvements in blood and oxygen supply in the working musculature during the subsequent exercise bout.1617 (2) Cryotherapy induces lower submaximal heart rate and higher stroke volumes due to lower thermal stress,18 as well as the stimula tion of the autonomic nervous parasympathetic activity, favoring acute recovery after exercise.19 (3 ) WBC increases norepinephrine,2 inducing a potential analgesic effect. 8 Therefore, the aim of the current study was to determine the acute elfects ol a WBC protocol (-1 10°C) on recovery and key variables of endurance performance (fhm, peak oxygen uptake [V02peak], work economy, alterations in oxygen content of the vastus lateralis) during intermittent high-intensity exercise in thermoneutral conditions. 11 healthy, nonsmoking, endurance-trained male athletes partici pated in the study (mean ± SD age 25.9 ±2.1 y, body height 183.4 ± 3.4 cm, body mass 76.3 ± 6.6 kg, body-mass index 22.7 ± 1.7 kg/ m2, body fat 10.7% ± 1.9%, lean body mass 68.1 ± 5.9 kg, V02peak 59.3 ± 5.3 mL ■ kg-1 • min-1). The sample size was similar to those of studies investigating cooling and performance recovery in trained athletes, showing an average sample size of n = 10.2 ± 1.5.4 All participants were familiar with high-intensity running (H1R) and had been performing endurance training at least 3 times per week for at least 8 years. They were instructed to refrain from alcohol and caffeine 24 hours before the tests, to maintain their normal diet during the testing period, and to replicate their food intake on the day before and the morning of the 2 main testing days. No intensive exercise was allowed on the 2 days before testing. Furthermore, athletes were not allowed to use additional recovery methods like messages or consume any forms of nonsteroidal anti-inflammatory drugs. After being informed about and familiarized with the testing procedures, all volunteers gave their written consent to participate. The protocol and all procedures were conducted in accordance with the Declaration erf Helsinki and approved by the ethical committee of the German Sports University Cologne.
Methods Participants

Experimental Design
The athletes visited the laboratory 4 times. The first visit was for medical checkup and familiarization with WBC. Participants were excluded if they had any contraindications against WBC. such as claustrophobia, cold hypersensitivity, or abrasion injuries. During the second visit athletes carried out an incremental step test (start ing velocity 2.4 m/s, increase 0.4 m/s every 5 min, treadmill gra dient 1%) on a treadmill (Woodway ELG 90/200 Sport, Lorrach, Germany) for determination of V02peak and the running velocities during HIR. During the third and fourth visits the main tests were conducted in a randomized controlled crossover design. The design of these tests is presented in Figure 1 .
The 2 test days were separated by at least 1 week. All athletes were tested at the same time of day and were randomly assigned to start with either the WBC or placebo intervention (PBO) using research randomizer (version 4.0, retrieved from http://www.randomizer.org/). The participants arrived at the laboratory at least 1 hour before the test for acclimatization. At first a ramp-test protocol to individual exhaustion was performed (RI). The protocol consisted of 3 submaximal 3-minute steps at 3.2, 3.6, and 4.0 m/s with a treadmill gradient of 1% and 30 seconds of rest for sampling of blood after each step. Thereafter velocity was increased to 4.4 m/s and remained constant while the treadmill gradient was inereased by 0.5% every 30 seconds until exhaustion. After 5 minutes of recovery HIR was carried out, consisting of 5 x 5 minutes at 90% of maximum velocity reached during the incremental testing (second visit), with 4 minutes of active recovery between the intervals (60% of maximum veloc ity). HIR was followed by 1 hour of passive recovery, which was identically structured in both conditions except the implementation of one 3-minute session of WBC. During the recovery period the athletes remained seated in the conditioned laboratory (ambient laboratory temperature WBC 2I.7°C ± 0.8°C vs PBO 21.7°C ± 1,0°C, humidity WBC 36.4% ± 7.7% vs PBO 35.8% ± 8.3%) and consumed 0.5 L of a standardized fluid (energy: 400 kcal consisting of 46.5 g carbohydrates, 15 g protein, 17 g fat) to avoid dehydration and to replenish depleted glycogen stores. 20 The drink was warmed precisely to each athlete's current core temperature (WBC 38.1 °C ± 0.2°C vs PBO 37.9°C ±0.3°C) to avoid additional cooling. After 45 minutes of rest WBC was administered by a temperature-controlled cryochamber (Zimmer MedizinSysteme GmbH, Ulm, Germany). The chamber system consisted of 3 separate rooms with constant temperatures of -I0°C. -60°C, and -1 10°C. Before entering the unit all athletes dried themselves of any sweat. During WBC. mouth and nose were covered with a surgical mask, and cotton shorts, gloves, ear band, and dry socks and shoes were worn to protect the areas from frostbite. The participants traversed the first 2 chambers with -1 ()°C and -60°C quickly and remained slowly walking for 3 minute within the room at -1 l()°C and 0% humidity. During PBO athletes walked slowly in the laboratory for 3 minutes (at 21.7°C ± 0.8°C and 35.8% ± 8.3% humidity). After a total of 60 minutes of recovery athletes performed a second ramp test (R2) with the same design as R1. We defined rnm as the time from the beginning of the ramp tests to the participant's individual exhaustion, indicated by jumping off the treadmill. Displays and time units were not visible to participants during the test to avoid external feedback. 
Data Measurement
Core temperature (TC0K) was measured via ingestible temperature sensor capsules (MiniMitter Co, Inc, Bend, OR, USA). The partici pants ingested the sensor 4 to 5 hours before the beginning of RI to ensure that it passed into the gastrointestinal tract as described earlier.14 TC0K was recorded continuously every 60 seconds by a telemetric data receiver (MiniMitter). Skin temperature was assessed using a thermoimaging camera (Testo 880. Testo GmbH. Wien, Austria). Photos were taken of the head, trunk, arms, thigh, and legs at 5 separate time points (see Figure 1 ). Images were analyzed using the appending software (IRsoft Version 3.1 SP3, Testo GmbH, Wien, Austria). Mean skin temperature (7'skin) and mean body temperature (Tbody) were calculated with a modification of the previously pub lished equation by Hardy and DuBois21: 7;kin = 0.07head + 0.19arm + 0.2|eg + 0.19lhigh + 0.35trunk. Mean Tbody was calculated using the calculation from Burton22: Tbody = 0.65 7core + 0.35 Tskin. Furthermore, athletes answered a questionnaire consisting of 2 parts, with the first one addressing their perceived physical state (PEPS). The athletes were asked to judge spontaneously to what extent 20 given adjectives coincided with their current physical feeling on a 0-to-5 scale. 23 The second part of the questionnaire consisted of a short form to rate individual psychophysical state (EZ Scale; 16 adjectives on a 0-to-5 scale). As opposed to other psycho logical adjective scales (eg, the POMS), the EZ Scale analyzes not only emotional or psychological strain but also motivational state. 24 During R 1 and R2, respiratory data were recorded continuously with an open breath-by-breath analyzer (MetaLyzer 3b, Cortex, Leipzig, Germany), calibrated in the range of the anticipated frac tional gas concentrations before each test with a precision 3-L syringe (Cortex, Leipzig, Germany) and calibration gas (15.8% 0 2, 5% C02 in N, Praxair, Germany). During all tests the athletes breathed through a turbine flowmeter and a Hans-Rudolph mask. Heart rate was recorded with a Polar T31 heart-rate belt ( I -Hz, Polar Oy. Kempele, Finland). Blood samples (20 pL) for the analysis of blood lactate concentra tions were collected from the earlobe in a capillary tube (Eppendorf AG. Hamburg, Germany) at different time points (Figure 1 ). Blood lactate concentration was analyzed by an amperometric-enzymafic procedure using the Ebio Plus system (Eppendorf AG, Hamburg, Germany). At the same time points, the participants were asked to rate their perceived level of exertion using the 6-to-20 Borg scale. 25 In addition, the oxygenation of the right vastus lateralis was measured by near-infrared spectroscopy (NIRS) (Portamon. 
Results
There were no statistical differences in any parameters measured at baseline (Rlp re ) or alter R1 and the fatigue-inducing intense-running protocol (RlpoJ between the WBC and PBO interventions.
Student paired t test revealed that the difference in r,im between R1 and R2 was lower during the WBC intervention than in the PBO intervention (P < .05, effect size d= 1.13), as presented in Figure 2 . (Figure 3) .
Temperature values and perceptual responses evaluated at 5 different time points (PEPS and EZ Scale, see Figure 1 ) during the testing procedure are presented in Table 1 . Pbody was reduced by 4.5°C (P < .01, d = 9.64) after applying WBC and still lower Figure 3 -Ramp test 2 values (mean ± SD) for whole-body cryotherapy (WBC) and placebo intervention (PBO) of (A) change (A) in tissue-saturation index (TSI), (B) rating of perceived exertion (RPE), (C) oxygen consumption, (D) heart rate, and (E) blood lactate concentration. '^Statistically significant differences at P < .05 of the same measurement between WBC and PBO. Post hoc analysis of the psychological questionnaire showed that perceived physical fitness (P = .04, d = 0.72) and energy (P < .01, d -0.85) were increased after WBC (R2pre), as well as recovery (P< .01, d= 0.95) and readiness to strain (P= .01. d= 0.73). How ever, recovery (P < .01) and readiness to strain (P < .05), as well as perceived physical llexibility (P = .02), were already increased before WBC was applied (restTOm i").
D iscussion
The aim of the current study was to investigate the effects of WBC (3 min at -1 10°C) on acute recovery and key variables of endurance performance during high-intensity intermittent exercise. The most striking findings were as follows: (1) In thermoneutral environ ment conditions, WBC (3 min at -1 10°C) is able to improve acute recovery of maximal endurance performance (f|im) with duration of approximately 15 minutes. (2) Cardiorespiratory and perceptual load is reduced during running at submaximal intensities after WBC, indicated by lowered heart rate, V 0 2, and RPE compared with PBO. (3) Three minutes of WBC at -1 10°C lead to a higher oxygenation of the vastus lateralis during subsequent high-intensity exercise compared with PBO.
Recently it was shown that 3 minutes of partial-body cryo therapy (excluding the head) at -1 10°C enhances recovery of eccentric muscle performance between 2 resistance-training ses sions.9 To the best of our knowledge this is the first study to show that WBC enhances parameters of acute recovery during highintensity intermittent endurance exercise in thermoneutral climatic conditions, as well. A very important parameter to estimate athletes' recovery after strenuous exercise is their level of sports-specific maximal-exercise performance28-f|,m in the current study. Based on the results of the current study WBC appears to enhance the rate of recovery after maximal aerobic performance, indicated by significantly lower change in t|im between R1 and R2 compared with PBO. These findings support and extend the previously published data ofYeargin et al,11 who demonstrated comparable CWI-induced improvements in subsequent running performance in the heat. Since it is well documented that exercise performance is reduced once the athlete's core temperature reaches a critical level of approximately 39°C,29 most precooling studies aimed to reduce Tcore to increase the body's capacity for heat storage and dampen the increase of Tcore.5 Therefore, positive effects of cooling treatments on endurance performance were reported, especially when long exercise durations were combined with hot (27-34°C) environmental conditions.11 ' 13 The current study confirms the hypothesis that WBC (3 min at -1 10°C) is sufficient to enhance recovery of endurance performance when exercise is conducted in thermoneutral conditions, where Tcore will not reach a critical level during exercise. Although it has been shown that precooling is less effective during short-term endurance performance and has almost no effect on endurance performance in moderate ambient conditions,5 the possibility of WBC enhancing performance itself and not recovery cannot be entirely excluded.
To describe the potential of a cooling protocol, Tcore is the most prominent analyzed variable. Tcore was 0.2°C ± 0.3°C lower immediately after the application of WBC than with PBO (R2pre).
The magnitude in the difference of Tcorc is in line with the litera ture,10 and the lack of statistical significance is most likely related to type II error (P = .053). Since Costello et al10 showed that Tcore still declined I hour after application of WBC, we may assume that the short period of 15 minutes between WBC and the following high-intensity exercise (R2) prevented an even greater reduction of Tcore in the current study. The physiological importance of this acute reduction in Tcore is also indicated by the large effect size (d = 0.86).
In addition, Tskin was significantly reduced immediately after WBC in the current study. Consequently, both variables should be taken into account when the magnitude of a cooling protocol is described. Therefore, use of Tbody, as it is calculated by the use of both Tcore and Tskin,21 might be recommended, especially in conjunction with precooling and intercooling protocols that are quickly followed by exercise testing. Immediately after WBC (R2pre), Thody was signifi cantly reduced by 4.5°C. It is well documented that reductions in body and tissue temperature cause peripheral vasoconstriction and reduced peripheral blood flow.6 This leads to increased central blood volume, blood pressure, and stroke volume, as well as reductions in heart rate to maintain cardiac output.5131418 Heart rate was signifi cantly reduced after WBC at rest and during the first submaximal intensity of R2 compared with PBO. The reduced heart rate in the current study might explain the enhanced performance after WBC by improved cardiac efficiency or less cardiovascular strain at sub maximal intensities.14 In addition, metabolic load was reduced in submaximal intensities after WBC, as well, indicated by lower V 0 2. Reduced submaximal V 0 2 suggests an increased work economy, with less effort needed to complete submaximal exercise or a lower V 0 2 of the passive muscles due to vasoconstriction and therefore lower blood and oxygen supply, as well. On the other hand, blood and oxygen supply to the working muscles appear to be enhanced after WBC, as an increase in TSI indicates a higher oxygenation status of the vastus lateralis during the entire R2 compared with PBO. This might be explained by improved cardiac efficiency, with vasodilatation only in the working muscles while blood flow to the passive limbs is still depressed.1316 Furthermore. WBC stimulates parasympathetic activity, allowing rapid cardiodeceleration and faster recovery,19 which might be important in the short recovery period applied in the current study. Notably, the participants' RPE was significantly reduced during the submaximal stages in the WBC condition compared with PBO. This is in line with the observed reduced cardiometabolic strain and endorsed by the psychological questionnaire, which revealed increased perceived physical fitness and energy, as well as increased recovery and readiness to strain, after WBC. Although it is unlikely that WBC induces analgesia directly by reducing nerve conduction velocity, as skin temperature is not reduced below 13°C,30 psychological-ques tionnaire and RPE values indicate an acute increase in well-being after WBC and throughout subsequent exercise. As reported previously, WBC increases norepinephrine,2 which could have had an additional analgesic effect8 in the current study. In this context Costello et al6 and Ferreira-Junior et al7 hypothesized that WBC might acutely reduce muscle soreness and the initial muscle damage after exercise, accompanied by reductions in muscle swelling, pain, tenderness, and discomfort, leading to a perceived improved recovery. 6 Since it is impossible to blind the participants to the recovery method, a psychological effect induced by the WBC condition cannot be excluded. As the psychological dimensions of perceived physical flexibility, recovery, and readiness to strain were already elevated before WBC was applied, the results of the questionnaires may indicate differences in the psychological status, depending on the presence of a recovery treatment. was, in contrast to our study, not sufficient to induce significant physiological therm oregulatory effects. However, an improved per form ance alter W BC should be o f interest for athletes and coaches, regardless o f the underpinning m echanism s.12 Furtherm ore, this psychological effect could be described as W B C-altered therm al sensation and anticipation, w hich are important factors for sports perform ance as described in a current model o f fatigue.31 This may have also been responsible for the enhanced recovery in the current study, but only in com bination with the reduced tissue tem perature and the resulting m etabolic, cardiorespiratory, and hem odynam ic alterations at subm axim al intensities.
Finally, none o f the athletes reported any injuries or negative side effects related to the cold exposure. We therefore conclude that acute W BC, as applied in the current study, may be adm inistered w ithout health risk in healthy w ell-trained athletes.
Practical Applications and Conclusion
Based on the results o f the current study, the most im portant find ing for athletes and coaches is that exposure to very cold air (3 min at -1 l()°C) during 2 bouts ot high-intensity exercise improves perform ance (rM m) in therm oneutral am bient conditions by a higher oxygenation o f the w orking m uscles, as well as lower heart rate, VO z, and RPE values at subm axim al intensities and alterations in the athletes' perceived physical state. Perform ance im provem ents might be induced by enhanced blood and oxygen supply to the w orking muscles, as well as a reduction in cardiovascular strain and increased w ork econom y at subm axim al intensities. Im provem ents in subm axim al exercise might be beneficial, especially in team sports and training or com petitions that do not require maximal effort alone hut consist o f tactical elem ents and submaximal intensi ties, as well. Since CW I is easier to apply and less expensive8 and induces therm oregulatory effects sim ilar to those o f W B C ,10 CW I may be a more feasible means to enhance acute recovery in athletes. However, sim ilar effects on perform ance and the physiological param eters presented in this W BC study need to be confirmed using CW I in a therm oneutral environm ent.
